A model of flow and surfactant transport in an oscillatory alveolus partially filled with liquid
I. INTRODUCTION
Liquid plug propagation in a tube is a model widely used to study airway reopening and surfactant replacement therapy (SRT). Liquid plug is internally formed in the former, whereas it is externally induced in the latter. The inner surface of the airways is covered with a thin layer of liquid and this layer may become unstable due to capillary instabilities and form a plug, which occludes the airways.
1 Airway reopening depends on the durability of the plug. In SRT, liquid with exogenous surfactant is instilled in the trachea and forms a liquid plug. Externally induced or internally formed liquid plugs propagate in the airways due to air forced by ventilation. The durability of the liquid plugs depends on the leading and trailing film thickness. If the leading film thickness is smaller (greater) than the trailing film thickness, the liquid plug loses (gains) mass and becomes smaller (bigger) and eventually ruptures.
Surface-active agents (surfactants) are compounds with a hydrophilic head and a hydrophobic tail. Diffused in water, surfactant molecules are absorbed onto an interface, e.g., water/air interface. The hydrophilic head is dipped into water and the hydrophobic tail reaches out to air. Forming a buffer zone between the two phases, surfactants interact with the cohesive forces between the fluid molecules, and thus reduce the surface tension and stabilize the interface. 2 The non-uniformity in interfacial surfactant concentration leads to interfacial surface tension gradients and thus Marangoni stresses. Pulmonary surfactant is absorbed on the thin film of liquid that covers the surface of the airways and the alveoli and thus reduces the surface tension on the liquid-gas interface and the work required to expand the lung at each breath. In the case of surfactant-deficiency, surface tension on the air-liquid interface might get elevated and the airways might get closed since the flexible structure of the tubes causes unstable support for the airways. 3 Airway reopening could occur with the propagation and subsequent rupture of the plug. Prematurely born neonates may develop respiratory distress syndrome (RDS) as their lungs are not mature enough to produce sufficient amount of surfactant. SRT is a standard treatment for premature neonates suffering from RDS. 4, 5 In SRT, liquid with exogenous surfactant is instilled in the trachea and form a liquid plug which subsequently propagates through the trachea by inspiration and spreads the exogenous surfactant to the airways. Liquid may be instilled into the pulmonary airways in other medical treatments such as partial liquid ventilation (PLV) 6, 7 and drug delivery. 8, 9 The motivation behind this study is to understand the surfactant transport and interfacial dynamics during SRT and airway reopening as well as investigate the conditions for the most effective delivery of surfactant into the airways in SRT and hence improve the efficacy of the treatment.
The mechanical stresses that act upon the epithelial cells are critical especially in airway reopening. Pulmonary epithelial cells might get damaged due to the mechanical stresses that occur when the liquid plug is moving over them. [10] [11] [12] Bilek et al. 10 experimentally studied the progression of a semi-infinite bubble in a narrow fluid-occluded channel lined with pulmonary epithelial cells. They observed epithelial cell damage which increases with decreasing opening velocity. With the help of computational modeling, they calculated the magnitudes of shear stress, pressure, shear stress gradient, and pressure gradient that may be injurious to the epithelial cells. By comparing these magnitudes to the observed damage, they concluded that the steep pressure gradient near the bubble front was the most likely cause of the observed cellular damage, which was also confirmed by Kay et al. 11 Yalcin et al. 12 studied the effects of airway diameter and reopening velocity on cell injury in a parallel-plate flow chamber and showed that cell injury increases with decreasing airway diameter and decreasing reopening velocity. Bilek et al. 10 and Kay et al. 11 showed in their cell culture experiments that surfactants decrease the magnitude of the stresses and completely abate the epithelial cell injury. Another motivation of this study is to investigate the mechanisms of how surfactants might reduce the damage on the epithelial cells during airway reopening.
The propagation of a liquid plug through a capillary tube has been analyzed analytically, [13] [14] [15] experimentally [16] [17] [18] [19] [20] [21] [22] and numerically. [23] [24] [25] [26] [27] [28] On the analytical side, Howell et al. 13 used lubrication theory to model the steady-state propagation of a liquid bolus through an elastic tube. They obtained asymptotic expressions for the pressure drop across the plug and the trailing film thickness as functions of capillary number, Ca = μ l U b /σ (where U b is the bubble speed, μ l is the viscosity of the liquid, and σ is the surface tension coefficient) as well as the leading film thickness and the elastic properties of the wall in the limit of small Ca number. Their results are a generalization of Bretherton's analysis for low Ca motion of a long bubble in a rigid tube, which scales the film thickness with Ca 2/3 . 29 Howell et al. showed that when the plug is long enough, the interactions between the leading and trailing menisci could be neglected and the trailing film thickness is the same as the film thickness that would be deposited by a semi-infinite bubble, which was later confirmed experimentally by Cassidy et al. 16 Waters and Grotberg 14 asymptotically studied the propagation of a surfactant laden liquid plug in a capillary tube and showed that for a given Ca number, the pressure drop along the plug increases with increasing strength of surfactant. Suresh and Grotberg 15 used asymptotic expansions and lubrication theory to investigate the effect of gravity on liquid plug propagation in a two-dimensional channel. They investigated conditions for plug rupture and found that, in general, plug rupture occurs at lower speeds (lower Ca) when the plug motion is opposed by gravity.
On the experimental side, Cassidy et al. 16 performed bench-top experiments for liquid plug propagation in straight and bifurcating tubes. They found that the trailing film thickness behind a finite length plug is consistent with the theories for semi-infinite bubbles. Cassidy et al. 17 also performed experiments on isolated rat lungs to study the instilled liquid transport in the pulmonary airways. They investigated two methods of liquid transport into the airways. The first one was drainage of liquid by gravity into the upper airways followed by inspiration and the second was formation of a plug in the trachea followed by inspiration. They observed that the formation of a liquid plug in the trachea, before inspiration, is a better way of creating a more uniform liquid distribution throughout the lungs. In further studies on rat lungs by the same group (Grotberg's group), Anderson et al. 18 investigated effects of ventilation rate on the surfactant distribution and observed that for lower ventilation rates, plugs had a long rupture time and reached lower generations of the lung, whereas for higher ventilation rates, plugs had an early rupture in the upper airways and surfactant is spread onto the lower airways by drainage. Zheng et al. 19 performed bench-top experiments to investigate the effects of inertia and gravity on liquid plug dynamics at a bifurcation. They observed that increasing inertia leads to more homogeneous splitting among daughter branches. Recent experimental studies focused on microfluidic devices that could enable cell culture experiments, which reproduces physiologic or pathologic liquid plug flows over the cell culture. [20] [21] [22] Huh et al. 20 microfabricated such an airway system and showed that the risk of injury is highest when the liquid plug is very thin and when it ruptures. Very recently, Tavana et al. 22 performed cell culture experiments on a microfluidic model of the small airways and showed for the first time the protective role of surfactants in liquid plugs. Before it was only shown for a propagating air-finger 10, 11 for which the mechanical stresses are less compared with the liquid plug case. They also demonstrated the decrease in mechanical stresses with the introduction of surfactants through computer simulations.
On the computational side, Fujioka and Grotberg numerically studied the surfactant-free steady propagation of a liquid plug. 23 They observed that if the plug length is greater than the channel width, the trailing film thickness agrees with Taylor's law for a semi-infinite bubble. However, if the plug length is smaller than the channel width, the trailing film thickness decreases below that predicted by the theory. They also observed that a capillary wave develops at the leading meniscus, whose amplitude increases with Reynolds number (Re), and it changes the local mechanical stresses significantly. The authors also investigated steady propagation of a surfactant-laden liquid plug 24 and found that surfactants increase the thickness of the leading film and hence reduce the magnitude of mechanical stresses over the front meniscus. Thereafter Fujioka et al. studied the surfactant-free unsteady propagation of a liquid plug. 26 They investigated effects of various physical parameters such as leading film thickness, initial plug length and pressure drop along the plug on the durability of liquid plugs and tube wall mechanical stresses. Fujioka et al. 23, 24, 26 used a Lagrangian method to identify the moving boundary with a single fluid formulation and assumed a constant pressure inside the air bubbles, whereas Uzgoren et al. 27 and Hassan et al. 28 used a marker-based immersed boundary method employing an adaptive Lagrangian-Eulerian approach to study surfactant-free liquid plug propagation and rupture.
In this study, we performed unsteady computations for surfactant-laden propagation of liquid plugs in various capillary tubes representing the pulmonary airways of a neonate. We note here that, although the present study is motivated and focused on liquid plug propagation in pulmonary airways, it is designed to be a more general model representing this category of problems. To this end, our computations are novel compared to previous surfactant-laden computational studies, in which either surfactant kinematics is ignored and introduction of surfactants is represented by a general decrease in surface tension 22 or computations are performed steadily for which the leading and trailing film thicknesses are set equal at every time step. 24 In this study, the incompressible NavierStokes equations are solved fully coupled with the evolution equations of the interfacial and bulk surfactant concentrations using a finite-difference/front-tracking method developed by Muradoglu and Tryggvason. 30 The numerical method has been successfully applied to buoyancy-driven motion of contaminated bubbles rising in a cylindrical tube 31 and recently to pressure-driven motion of long bubbles in capillary tubes with effects of soluble and insoluble surfactants on the liquid film thickness. 32 The surface tension coefficient is related to the interfacial surfactant concentration using the experimental data measured by Otis et al. 33 for Survanta (Ross Laboratories, Columbus, OH), a surfactant that is commonly used in SRT practice. Extensive computations are carried out in order to investigate plug propagation and interfacial dynamics in various generations of a neonatal lung representing the upper and lower airways. The remainder of the paper is organized as follows: In Sec II, the mathematical formulation is presented and the numerical method is briefly described. The physical problem is described in Sec. III. The results are presented and discussed in Sec. IV and some conclusions are drawn in Sec. V. Grid convergence of the numerical results is discussed in the Appendix.
II. FORMULATION AND NUMERICAL METHOD
In this section the governing equations are described in the context of the finite-difference/fronttracking method. We consider a liquid plug moving through a liquid-lined airway of radius R as shown in Fig. 1 . The flow is assumed to be incompressible and symmetric about the axis of the tube. The gas and liquid phases are assumed to be Newtonian fluids. Following Unverdi and Tryggvason, 34 a single set of governing equations can be written for the entire computational domain provided that the jumps in the material properties such as density, viscosity, and molecular diffusion coefficient are correctly accounted for and surface tension is included.
In an axisymmetric coordinate system, the Navier-Stokes equations are given by
where u and v are the velocity components in the radial and axial directions, respectively, and p, ρ, and μ are the pressure, and the discontinuous density and viscosity fields, respectively. The last term on the right hand side is a body force that includes the effects of surface tension, in which σ is the surface tension coefficient that is a function of the interfacial surfactant concentration , t = t r i r + t z i z is a unit vector tangent to the interface and s is the arc length along the interface. Note that the mathematical identity κn = ∂t ∂s has been used in Eq.
(1), where κ is the curvature of 2D line and n is the normal vector. The surface tension only acts on the interface as indicated by the three-dimensional delta function δ whose arguments x and x f are the point at which the equation is evaluated and the point at the interface, respectively. The treatment of surface force as a body force was pioneered by Peskin 35 with the immersed boundary approach. The Navier-Stokes equations are supplemented by the incompressibility condition, We also assume that the material properties remain constant following a fluid particle:
where
+ u · ∇ is the material derivative. The density and viscosity vary discontinuously across the fluid interface and are given by
where the subscripts "g" and "l" denote properties of the gas phase and the liquid phase, respectively, and I(r, z, t) is the indicator function defined as I (r, z, t) = 1 in gas phase, 0 in liquid phase.
Concentration of surfactant on the interface is defined as
where M s is the adsorbed mass of surfactant and A is the surface area. Surface tension decreases proportional to the surfactant concentration at the interface according to the isotherm measured by Otis et al. 33 for Survanta (Ross Laboratories, Columbus, OH), which is shown in Fig. 2 . The surfactant concentration evolves by 30, 36 1 A
where the gradient operator along the interface is defined as
In Eq. (7), A is the area of an element of the interface, D s is the diffusion coefficient along the interface, andṠ is the source term given bẏ
where k a and k b are the adsorption and the desorption coefficients, respectively, and C s is the surfactant concentration in the fluid immediately adjacent to the interface. The bulk surfactant concentration C is governed by the advection-diffusion equation where coefficient D co is related to the molecular diffusion coefficient D c through the indicator function I as
The source term in Eq. (7) is related to the bulk concentration aṡ
Following Muradoglu and Tryggvason, 30 the boundary condition at the interface given by Eq. (12) is first converted into a source term in a conservative manner by assuming that all the mass transfer between the interface and the bulk takes place in a thin adsorption layer adjacent to the interface. In this method, total amount of mass adsorbed on the interface is distributed over the adsorption layer and added to the bulk concentration evolution equation as a negative source term in a conservative manner. Equation (10) thus becomes
whereṠ c is the source term evaluated at the interface and distributed onto the adsorption layer in a conservative manner. With this formulation, all the mass of the bulk surfactant to be adsorbed by the interface is already consumed in the adsorption layer before the interface. Hence, the boundary condition at the interface simplifies to be n · ∇C| interface = 0. The flow equations (Eqs. (1) and (2)) are solved fully coupled with the evolution equations for interfacial concentration (Eq. (7)), and for bulk concentration, (Eq. (13)), by the finite-difference/fronttracking method. 30 A first-order time integration method and a second-order centered difference approximation for the spatial derivatives are used to discretize the momentum, the continuity, and the bulk concentration transport equations. A projection method 34, 37 is used to solve the discretized equations on a stationary, staggered Eulerian grid. Note that it is straightforward to make the numerical method second order accurate in time but the time stepping error is generally found to be negligibly small compared to the spatial error mainly due to small time steps imposed by the stability requirements.
The liquid-gas interface is tracked using a separate Lagrangian grid which consists of linked marker points (the front) moving with the local flow velocity interpolated from the stationary Eulerian grid. The piece of the Lagrangian grid between two marker points is called a front element. The interfacial surfactant concentration equation, Eq. (7), is solved on the Lagrangian grid using second-order centered differences for the spatial derivatives and a first-order Euler method for the time integration. The Lagrangian grid is also used to calculate the surface tension, which is then distributed onto the Eulerian grid points near the interface by using Peskin's cosine distribution function, 35 and added to the momentum equations as body forces as described by Tryggvason et al. 38 The indicator function is computed at each time step based on the location of the interface using the standard procedure 38 and is used to set the fluid properties in the liquid and gas phases. It is also utilized to compute the bulk surfactant concentration near the interface and to distribute the surfactant source terms onto the Eulerian grid in the adsorption layer. 30 The Lagrangian grid is restructured at every time step by deleting the front elements that are smaller than a prespecified lower limit and by splitting the front elements that are larger than a prespecified upper limit in the same way as described by Tryggvason et al. 38 to keep the front element size nearly uniform and comparable to the Eulerian grid size. Restructuring the Lagrangian grid is crucial since it avoids unresolved wiggles due to small elements and lack of resolution due to large elements. Note that restructuring the Lagrangian grid is performed such that the mass conservation is strictly satisfied for the surfactant at the interface. 30 Front-tracking method is pioneered by Glimm and co-workers 39, 40 and the readers are referred to Chern et al., 39 Glimm et al., 40 Unverdi and Tryggvason, 34 and Tryggvason et al. 38 for the details of the method. A complete description of the treatment of the soluble surfactant can be found in Muradoglu and Tryggvason, 30 Tasoglu et al., 31 and Olgac and Muradoglu. 
III. PROBLEM STATEMENT
The physical problem and computational domain are sketched in Fig. 1 . The computational domain is R in the radial direction and L z in the axial direction. The lower boundary is the axis of symmetry representing the centerline of the airway and the flow is in the axial direction. The plug is initially located at the airway centerline close to the inlet section. The initial non-dimensional plug length, L p,i * = L p,i /R, where L p,i is the initial dimensional plug length, is set to be in the range 0.5 ≤ L p,i * ≤ 4 and the interface is initialized as a semi-circular front and rear menisci, and a straight leading film as shown in Fig. 1 . The flow is initiated instantaneously by imposing a fully-developed steady flow at the inlet with cross-sectionally averaged axial velocity U and keeping the pressure constant at the outlet. Accounting for the Laplace pressure and assuming a flat interface, the pressure in the gas and liquid phases are specified at the outlet as P g,out = 0 and P l,out = −σ /R, respectively. Assuming a fully developed velocity profile with a flat interface at the inlet, the cross-sectionally averaged axial velocity U is given as
where r int is the radius of the interface, U g and U l are the cross-sectionally averaged velocities in the gas and liquid phases, respectively, whose ratio is given as
The cross-sectionally averaged gas and liquid velocities, U g and U l , are computed from Eqs. (14) and (15) for given U, R, r int , and the viscosity ratio. The velocity profiles at the inlet in gas and liquid phases are then specified, respectively, as
Symmetry and no-slip boundary conditions are applied at the centerline and at the wall of the tube, respectively. The governing equations given in Sec. II are solved in their dimensional forms but the results are expressed in terms of relevant non-dimensional quantities. Utilizing airway radius R and crosssectionally averaged axial velocity U as length and velocity scales, respectively, and T = R/U the time scale, the governing non-dimensional numbers can be summarized as
where Re a , Ca a , Pe c , Pe s , k, Bi, and Da are the airway Reynolds number based on cross-sectionally averaged axial velocity, the airway capillary number based on cross-sectionally averaged axial velocity, the Peclet number based on bulk surfactant diffusivity, the Peclet number based on interfacial surfactant diffusivity, the dimensionless adsorption depth, the Biot number, and the Damkohler number, respectively. Note that C ∞ in Eq. (17) is the far field bulk concentration which is initially specified as constant inside the plug and in the trailing film as shown in Fig. 1 . We have used the Weibel model as a representation of the human lung. 41 In this model, human lung is assumed to be a symmetric, dichotomous branching tree, in which the mean length of an airway is proportional to its diameter and for which the airway volume of each generation is constant. For an adult lung, taking trachea as the zeroth generation, the number of airways at generationn is N = 2n, the mean airway diameter is dn = d¯02 −n/3 and the mean airway length is ln = l¯02 −n/3 , where d¯0 and l¯0 are the diameter and length of the trachea (0 ≤n ≤ 23). Following Cassidy et al., 16 we assume that a neonatal lung may be modeled as the lower portion of an adult lung starting at generationn = 7 and the rest of the generations 7 ≤n ≤ 23. Therefore, generations for a neonatal lung are 0 ≤ n ≤ 16, where n is the generation number. Our aim in this study is to investigate plug propagation dynamics in various generations of an infant lung. We therefore estimate the dimensions of airways in various generations and the flow speed in these generations. Adult tracheal diameter and length are d¯0 = 1.8 cm and l¯0 = 12 cm; 41 hence, neonatal tracheal diameter is taken as d 0 = d¯02 −7/3 = 0.36 cm. The tracheal velocity U 0 could be calculated from the tidal volume (T V ) divided by the inspiration time, t i , and cross-sectional area of the trachea, A 0 . T V in premature neonates under spontaneous breathing has been shown to be 4 ml. 42 A mechanical ventilation with a frequency of 40-80 breaths/min and an inspiration to expiration ratio (I:E) of 1:1 to 1:2 is utilized in infant SRT. 43 Assuming 40 breaths/min and an I:E of 1:1, we calculate the inspiration time to be 0.75 s, which is compatible with the value of 0.7 s calculated by Cassidy et al. 16 Hence tracheal velocity is calculated from U 0 = T V/(A 0 t i ) as 52.4 cm/s. Based on the surfactant-free case, assuming a density of ρ l = 1000 kg/m 3 and a viscosity of μ l = 0.01 Pa · s for the surfactant-deficient mucus covering the pulmonary airways, Ca a and Re a numbers for 0 ≤ n ≤ 16 are 90 ≥ Re a ≥ 0.05 and 0.075 ≥ Ca a ≥ 0.002. Note that density and viscosity ratios are taken smaller than the physical values mainly to relax the time step restriction and thus facilitate extensive computational simulations, i.e., ρ l /ρ g = 10 and μ l /μ g = 10 in all the results presented in this paper. We have previously shown for a long bubble propagation through a capillary tube that the effects of density and viscosity ratios are negligible when ρ l /ρ g ≥ 10, μ l /μ g ≥ 10. 32 We have chosen generation 0, 3, 6, 9, and 12 as representatives of various flow regimes in an infant's lung and performed our simulations in these generations. In Table I , the diameter, d, the length, l, number of airways, N, tidal volume, T V , cross-sectionally averaged axial velocity U, Ca a , and Re a numbers are summarized for these generations. Note that the computational domain is set much longer (i.e., 50 ≤ L z /R ≤ 200) than the realistic airway length L z /R = 13 given in Table I in order to ensure either plug rupture or steady-state motion of the plug in every case studied.
Extensive computations are performed for surfactant-free and surfactant-laden cases in order to demonstrate the effect of soluble surfactant on the dynamics of liquid plug propagation. Initial computations are performed for the surfactant-free case to determine the trailing film thickness. This pre-determined film thickness is used as initial condition for the leading and trailing film thickness in both surfactant-free and surfactant-laden cases, which ensures steady propagation of the plug in the surfactant-free case. In surfactant-laden cases, surfactant is added to the system with a concentration of C ∞ = 25 mg/ml, which is the phospholipid concentration of the surfactant Survanta (Ross Laboratories, Columbus, OH), a surfactant commonly used in SRT practice. 33, 44 Note that the plug is probably not that rich in surfactant in airway reopening. Surfactant is initially instilled in the liquid plug and in the trailing film as shown in Fig. 1 , assuming a surfactant-deficient leading film. It should be noted that this initial surfactant distribution represents the conditions for the first of several aliquots consecutively installed from the syringe into the lung in SRT. The interface is assumed to be initially surfactant-free. The adsorption and desorption coefficients for Survanta are taken as k a = 1.7 m 3 /kg · s and k b = 1. 
IV. RESULTS AND DISCUSSION
Extensive computational simulations are carried out to investigate the surfactant-free and surfactant-laden liquid plug propagation in various generations of a neonatal lung. A uniform regular Cartesian grid is employed in all the results presented here. A comprehensive grid convergence study is performed to determine the minimum grid size required to reduce the spatial discretization error below a threshold value. As detailed in the Appendix, a uniform grid with 32 grid cells in the radial direction is sufficient to reduce the numerical error below 4% in the liquid film thickness for the surfactant-laden case and thus this grid is used in all the computations presented in this paper.
Although we are mainly interested in the surfactant-laden liquid plug propagation as a model for SRT and airway reopening, the surfactant-free case is first examined. Taylor's law 46 which characterizes the trailing film thickness, h ∞ , for semi-infinite bubbles is adopted for plugs as h ∞ /R = 1.34Ca p 2/3 /(1 + 2.5 × 1.34Ca p 2/3 ), where Ca p = μ l U p /σ is the capillary number based on plug speed U p . Note that U p is defined as the speed of the mid-point of the two tip points of the plug on the channel axis, denoted by z p . As shown in Fig. 3 , in the upper airways, the trailing film thickness increases for increasing plug length and approaches the value predicted by Taylor's law. 46 Hence, in the upper airways, for plugs larger than the airway width, the trailing film thickness is the same as that for a semi-infinite bubble which is consistent with the observations of Fujioka and Grotberg. 23 We have also found for the lower airways that the trailing film thickness is independent of plug length and is compatible with Taylor's law. Fujioka and Grotberg 23 observed a similar trend for decreasing Ca numbers corresponding to lower airways in our calculations. The relative difference between the computed film thickness and the film thickness predicted by Taylor's law is 4.6%, 6.3%, 4.4%, 8.1%, and 20.1% for generations 0, 3, 6, 9, and 12, respectively. Note that these values reduce to 3.4%, 5.4%, 2.5%, 2.8%, and 4.7%, respectively, when a uniform grid containing about 64 grid cells in the radial direction is used. These results support the observation by Giavedoni and Saita, 47 and Heil et al., 48 which was also confirmed later by Fujioka and Grotberg, 23 that the film thickness depends strongly on Ca while the effects of Re on the film thickness are of minor importance. Figure 4 shows surfactant-free pressure fields and streamlines at all representative generations in the vicinity of the plug and close to the exit of the channel. It is observed that for the upper generations, the rear meniscus is elongated in the axial direction and the front meniscus assumes a flat shape followed by a capillary wave on the leading film (Fig. 4(a) ). This trend is mainly because of high Ca number in the upper airways and disappears as Ca decreases in the lower airways. In the lower airways, the rear and front menisci assume almost a semi-circular shape (Fig. 4(e) ). The streamlines in Fig. 4 are drawn with respect to the plug speed, U p . They indicate two separate flow regions with no convective flux between each other as also observed by Fujioka and Grotberg 23 for steadily moving plugs: One region is the flow coming from the leading film and passing alongside the plug into the trailing film and the second is a closed recirculation zone inside the plug. The streamlines coming from the trailing film and the streamlines that follow the front meniscus meet on the front meniscus where there is a stagnation point. They go parallel to each other alongside the plug and separate again on the rear meniscus where there is a second stagnation point. Two more stagnation points appear on the tip points of the plug on the axis. The stagnation points on the front and rear menisci are closer to the axis at the upper airways and they move more into the leading and trailing films as we go down to the lower airways, leading to a bigger recirculation zone inside the plug. The non-dimensional pressure in the gas phase on the leading side is close to zero and the non-dimensional pressure drop that develops between the two sides of the plug in the gas phase is close to each other for all generations with a maximum of 60. Note that pressure is non-dimensionalized as P * = P−P g,out τ vis , where τ vis = μ l U R represents the viscous stresses. As the surface tension forces gain more importance in the lower airways, the magnitude of pressure in the liquid phase increases with local maxima at the location where the front meniscus reaches the leading film. Fujioka and Grotberg 23 observed the maximum pressure at the same location with increasing magnitude for decreasing Ca numbers corresponding to lower airways in our calculations. Figure 5 juxtaposes film thickness, pressure, and shear stress on the airway wall for the surfactant-free and surfactant-laden cases for all representative generations. Here, we first discuss the results for the surfactant-free case and a comparison of the two cases is given after the surfactant-laden case is introduced. For the surfactant-free case, it is observed in Fig. 5(a) that in the upper airways, i.e., n = 0, there is a wake formation on the trailing film, which completely vanishes in the lower airways. This wake formation is a result of the high inertial forces in the upper airways and disappears as Re decreases in the lower airways. For instance, the trailing film is entirely flat for n = 12. Looking at the pressure on the airway wall in Fig. 5(b) , for the surfactant-free case, it is clearly seen that even though the pressure drop between the two sides of the plug is very similar in all generations, there occurs first a pressure drop near the back of the plug followed by a pressure rise near the front of the plug, for both of which the magnitude increases in the lower airways. Note that the shape of the pressure profile is qualitatively very similar to the one calculated by Tavana et al. 22 for a microfluidic pulmonary airway model. They have also observed increasing magnitude of pressure for decreasing Ca numbers corresponding to lower airways in our calculations. The pressure gradient on the back of the plug is smoother for upper airways and sharper for lower airways, whereas the pressure gradient on the front of the plug is steep for all generations. Bilek et al. 10 and Kay et al. 11 studied semi-infinite bubble propagation over cell cultures and identified the steep pressure gradient on the bubble front (corresponding to rear meniscus of the plug) as the most likely cause of cell damage. Our results support their observation and point out that compared to the semi-infinite bubble case, there occurs even steeper pressure gradients over the front meniscus of the plug in the liquid plug case, indicating increased risk of injury for the liquid plug case especially in the lower airways. Additionally, utilizing epithelial cell culture experiments, Yalcin et al. 12 showed that decreasing airway diameter and decreasing reopening velocities leads to an increase in cell deaths due to increased pressure gradient and suggested that distal regions of the lung are more prone to injury, which is supported by our observation that both magnitudes of pressure and pressure gradients are higher for the lower airways. Figure 5(c) shows the shear stress that develops on the airway wall (Note that the shear stress is non-dimensionalized in the same manner as pressure by
. For the surfactant-free case, at every generation, shear stress has two peaks on the trailing and leading menisci and changes direction to have another peak at the leading menisci. The reason for this direction change is a flow reversal region at the location where the front meniscus reaches the leading film. Qualitatively similar shear stress profiles were also obtained by Tavana et al. 22 for a microfluidic pulmonary airway model. The magnitude of the shear stress increases in the lower airways, a trend also observed by Tavana et al. 22 for decreasing Ca numbers. We begin examining surfactant-laden liquid plug propagation in Fig. 6 , which shows the unsteady evolution of pressure field and streamlines for n = 6. It is observed that compared to the surfactantfree case (Fig. 6(d) ), the recirculation zone inside the plug is no more a closed region but rather a region which loses mass to the trailing film. Because of this mass loss, the plug diminishes in length as time progresses. The streamlines that start on the interface at the rear meniscus move forward and the streamlines that start on the front meniscus move backwards, implying that the rear meniscus moves faster while the front meniscus moves slower than the plug mid-point. These two sets of streamlines meet somewhere close to the front meniscus where there occurs a stagnation point on the axis and they move alongside each other following the front meniscus and changing direction to move into the trailing film. It is this mechanism that leads to the mass loss of the plug to the trailing film. There is another saddle stagnation point close to the rear meniscus where the flow coming from the front meniscus meets the flow initiating on the rear meniscus. Note that the streamlines are qualitatively similar to those calculated by Fujioka et al. 26 for an unsteadily moving liquid plug in the absence of surfactants. The magnitude and size of the increased pressure region where the front meniscus reaches the leading film further increases as the plug diminishes in length. This is consistent with the observation of Huh et al. 20 that the risk of injury for epithelial cells is highest when the plug is very thin and when it ruptures. This increased pressure that occurs when the plug is diminished in length is still smaller in magnitude compared to the pressure in the same region in the surfactant-free case (Figs. 6(c) and 6(d) ). Figure 7 shows the unsteady evolution of the bulk surfactant concentration and interfacial surfactant concentration for n = 6. It is observed that as the plug propagates, surfactant is absorbed onto the interface. A non-uniform distribution of surfactant evolves on the trailing film whereas surfactant accumulates on the front meniscus rather uniformly. The bulk surfactant is mainly separated into two parts: One part is trapped in the trailing film and one part is accumulated inside the plug close to the front meniscus. The maximum bulk surfactant concentration in Fig. 7(e) occurs at the location where the streamlines initiating on the rear and front menisci meet each other close to the front meniscus ( Fig. 6(a) ). This portion of bulk surfactant that is contained at the front of the plug acts as a reserve for surfactant and is convected into the trailing film and consumed. We tracked the amount of surfactant contained inside the plug, which is defined as the amount of surfactant in the cylindrical volume between the two tip points of the plug on the axis. Compared to the initially instilled surfactant, i.e., at t* = 0 (Fig. 7(a) ), the amount of surfactant remained in the plug is 76.9%, 62.9%, 56.6%, and 51.2% at t* = 1.3, 2.6, 3.9, and 5.2, respectively, as shown in Fig. 7 .
Interfacial surfactant concentration and the Marangoni stresses that develop as a result of the gradients in interfacial surface tension on the trailing and leading films close to the exit of the channel are demonstrated in Fig. 8 . Note that the Marangoni stress, τ M = dσ ds , is non-dimensionalized in the same way as pressure and shear stress, and is expressed in terms of the Marangoni number defined
. We observe a sharper decrease of interfacial surfactant concentration along the trailing film in the upper generations compared to the lower generations. This sharp decrease is followed by a surfactant-free trailing film just behind the plug. This suggests that the bulk concentration contained inside the plug is already consumed in the upper generations. In fact, the portion of surfactant contained inside the plug at t* = 32.3 is 0%, 0.4%, 0.6%, 2.3%, and 9.1% for n = 0, 3, 6, 9, and 12, respectively. We therefore conclude that surfactant carried within the plug is more rapidly consumed in the upper airways mostly because of the thicker trailing film. It is also observed that surfactants accumulate on the front menisci and a small portion of the leading film which grows in size in the lower generations. The resulting Marangoni stresses on the leading and trailing films are higher in the lower generations. Note that the arc length in Fig. 8 is non-dimensionalized with airway radius, R, hence the gradients in interfacial surfactant concentration and the corresponding Marangoni stresses are much higher for the lower airways compared to the upper airways. It is emphasized here that the Marangoni stresses shown in Fig. 8(b) look under-resolved mainly since the Marangoni stresses are computed using simple central differences at the interface without any smoothing whereas the Marangoni stresses are included into momentum equations indirectly and a lot more elegantly by fitting third order polynomials to marker points and taking averaging to make it event smoother as described by Tryggvason et al. 38 Marangoni stresses have a significant influence on the shape of the trailing and leading films, as can be seen in Fig. 5 . In Fig. 5(a) , we first observe that the trailing film is thickened for all generations in the surfactant-laden case compared to the surfactant-free case. Thickening of the trailing film by surfactants was also observed by Fujioka and Grotberg 24 for a steadily moving plug. It is also observed that in the upper airways (i.e., n = 0 and n = 3) the trailing film is first non-uniformly thickened followed by a uniform flat region just behind the plug that corresponds to the surfactantfree portion of the trailing film. However, in the lower airways, i.e., n = 12, due to the steadily increasing Marangoni stresses towards the plug, the film thickness also increases steadily along the trailing film. There appears to be a jump in the film thickness ahead of the plug, which is more pronounced in the lower airways as seen in Fig. 5(a) . This interesting feature is mainly caused by the rigidifying effect of Marangoni stresses acting on the interface as studied analytically by Borgas and Grotberg 49 and computationally very recently by Olgac and Muradoglu. 32 Pressure and shear stress on the airway wall for the surfactant-laden case are shown in Figs. 5(b) and 5(c) , respectively, which enables a direct comparison with the surfactant-free case. Note that the shapes of the pressure and shear stress profiles are qualitatively similar to those calculated by Fujioka and Grotberg 24 for a steadily moving surfactant-laden plug. It is observed that the magnitudes of both pressure and pressure gradients on the leading and trailing menisci are decreased with the introduction of surfactants for all the generations. This is in qualitative agreement with the experimental observations of Bilek et al. 10 and Kay et al. 11 that surfactants abate cell injury by decreasing the magnitude of mechanical stresses, from which they ascribed the pressure gradients as the most likely cause of cell damage. The negative shear stress region that develops over the flow reversal region where the front meniscus reaches the leading film almost completely disappears with the introduction of surfactants. This is because the flow reversal region in the surfactant-free case does not exist in the surfactant-laden case since the leading film is thickened there. The magnitude of the shear stress on the rear meniscus is not affected by the introduction of surfactants. However, especially in the lower airways, the shear stress on the front meniscus is slightly increased and sustained over a wider region where the leading film is thickened. Therefore we conclude that surfactants are more effective in decreasing the injurious effect of shear stress in the upper airways compared to the lower airways. Figure 9 demonstrates the time history of non-dimensional plug length for various initial nondimensional plug lengths L p, i * at all representative generations. It is important to know how long liquid plugs survive before they rupture or if they rupture at all. The experimental results of Cassidy et al. 17 indicated that surfactant is more uniformly distributed onto the airways when it is carried within a liquid plug compared to that drained by gravity. If plugs rupture in the upper airways, surfactant would be spread to the lower airways by drainage, which could result in a non-homogeneous surfactant distribution. We therefore assume that the treatment is more effective when the plug rupture occurs in the lower airways. On the other hand, formation of surfactant-free persistent plugs is also assumed to be ineffective as the main purpose is to deliver sufficient amount of surfactant down to the alveolar region. In Fig. 9 , it is observed that for small initial plug lengths, e.g., L p, i * = 0.5-1.0, the plugs are more durable in the lower airways and tend to rupture more easily in the upper airways. However, for plugs with comparable initial plug length with the airway width, i.e., L p, i * = 2.0, at n = 3, the plug does not rupture and assumes a steady-state length (Fig. 9(c) ). Further computations are performed for the intermediate generations between n = 0-6 for initial L p, i * = 2.0 and the results are plotted in Fig. 9(d) . It is clearly seen here that in the upper generations the plugs are persistent with the exception of n = 0. In this generation, due to the high inertial forces, the initial mass loss is unrecoverable and the plug ruptures. The reason for the persistence of plugs in the upper generations is probably the thicker trailing film and rapid consumption of the surfactant contained in the plug. The portion of surfactant contained inside the plug for L p, i * = 2.0 at t * = 20.1 is 2.1%, 4.0%, 5.2%, 7.0%, 15.7%, and 28.0% for n = 1, 3, 6, 5, 6, 9, and 12, respectively. In the upper generations, the surfactant contained inside the plug is finished, which leads to a surfactant-free trailing film just before the plug (Fig. 8) . This portion of the trailing film assumes the thickness of leading film just before the plug and leads to steadily propagating plugs. This is ineffective for the treatment since the plug does not carry any more surfactant. We therefore recommend usage of plugs with initial plug length greater than the airway width in SRT practice. As shown on Fig. 9 without reaching a steady-state. The portion of surfactant contained inside the plug at t * = 20.1 for L p, i * = 4.0 is considerably increased compared to L p, i * = 2.0 and is 6.7%, 16.4%, 25.7%, 39.5%, and 53.1% for n = 0, 3, 6, 6, 9, and 12, respectively.
We have also studied the effects of surfactant strength by defining a set of virtual surfactants; surfactant 1 and 2, former being stronger, latter being weaker compared to Survanta (Fig. 2) . Note that the stronger the surfactant, the more sensitive surface tension to interfacial surfactant concentration. Figure 10 shows interfacial surfactant concentration, Marangoni stresses, pressure and shear stresses on the airway wall, film thickness and time history of non-dimensional plug length for Survanta, surfactant 1 and 2 as well as for the surfactant-free case that corresponds to no sensitivity of surface tension to interfacial surfactant-concentration, i.e., constant surface tension of σ = 0.07 N/m. It is observed that even though the difference in interfacial surfactant concentration is negligible in all three cases, Marangoni stresses over the trailing film increase as surfactant strengthens. This leads to a thicker trailing film and faster decrease in the non-dimensional plug length. Although the pressure profile is similar for all cases, the pressure on the rear meniscus is higher for stronger surfactants which is in agreement with Water and Grotberg's observation that, for a given Ca number, the pressure drop along the plug increases with increasing strength of surfactant.
14 Shear stress also increases over the trailing film with increasing surfactant strength. We therefore recommend the usage of surfactants with an optimal surfactant strength since too strong surfactants would lead to earlier plug rupture whereas too weak surfactants would not be serving the main purpose of decreasing the surface tension effectively. The bulk surfactant concentration can easily be changed in practice. Therefore we finally performed computational simulations to examine the effects of the initial bulk surfactant concentration instilled in the plug. For this purpose, we have progressively increased C ∞ from C ∞ = 25 mg/ml to 50 mg/ml and 100 mg/ml. Figure 11 demonstrates the time history of non-dimensional plug length for various generations with different initially instilled surfactant concentration. It is observed that an increase in surfactant concentration results in inducing an earlier plug rupture, which is more pronounced in the upper airways. At n = 3, the persistent plug that propagates steadily for C ∞ = 25 mg/ml, ruptures very fast with increasing C ∞ . As we go down to the lower generations, this effect is minimized: At n = 12, the rupture time decreased 33% with a four-fold increase in C ∞ . Since increasing C ∞ results in a fast rupture of plug in the upper generations, we do not recommend increasing the initially instilled surfactant concentration. In order to increase the total amount of instilled surfactant, increasing the initial plug length might be a better idea, which could let the plug reach lower generations and spread the surfactant on the lungs more effectively.
V. CONCLUSIONS
Surfactant-free and surfactant-laden liquid plug propagation in a neonatal lung in representative generations are computationally studied by using a finite-difference/front-tracking method. A direct comparison between the surfactant-free and surfactant-laden cases for various flow regimes representing the upper and lower airways is performed. The Navier-Stokes equations are solved fully coupled with the bulk and interfacial surfactant concentration evolution equations, and the surface tension is related to the interfacial surfactant concentration using the experimental data measured for Survanta by Otis et al. 33 Surfactant-free simulation results indicated a good comparison between trailing film thickness and Taylor's law for plugs with plug length larger than the airway diameter in upper generations and independent of plug length for lower generations. Important findings of the study could be listed as follows: Maximum values for the magnitude of pressure and shear stress are observed at the locations where the front and rear menisci reach the leading and trailing films, respectively. Steep gradients of pressure and shear stress occur in these locations, for which the magnitude is increased in the lower airways suggesting a higher risk of epithelial cell damage there in airway reopening. Surfactants could be effective in lessening the injurious effects on cells by especially decreasing the magnitude of pressure and pressure gradient. In surfactant-laden plug propagation, a reserve for surfactant is established just behind the front meniscus which feeds surfactant into the trailing film as the plug is losing mass into the trailing film. This surfactant is absorbed onto the trailing film and thickens it. The reserve of surfactant inside the plug is consumed more rapidly in the upper airways due to the thicker film. This leads to a more rapid rupture of the plugs in the upper airways for initially small plugs, i.e., L p,i * = 0.5-1.0. Again in the upper airways, for plugs with comparable initial plug length with the airway diameter, i.e., L p, i * = 2.0, all the surfactant is consumed before rupture could occur and plugs become persistent and propagate steadily, which is ineffective for SRT. We therefore recommend the usage of plugs with initial plug length larger than the airway width. Other strategies, such as varying the surfactant strength or increasing the initial surfactant concentration are tested computationally. We observed that using surfactants with an optimal strength is ideal since too strong surfactants lead to earlier rupture of the plug whereas too weak surfactants do not serve the main purpose of decreasing the surface tension. On the other hand, increasing the initially instilled surfactant concentration again leads to a very early plug rupture in the upper generations. We conclude that the best strategy to deliver the surfactant-laden plug to the lower generations is to increase the initial length of the plug.
where h x is the computed film thickness and h x→0 is the spatial error free film thickness predicted using Richardson's extrapolation. Relative error values for various grids at all representative generations are given in Table II . It is demonstrated that a grid containing about 32 grid cells in the radial direction is sufficient to reduce the spatial discretization error in the film thickness below 8% in all generations except generation 12 for which the film is thinnest and the error in the film thickness reduces below 15%. It is also observed that a grid containing about 64 grid cells in the radial direction reduces the spatial discretization error in the film thickness below 2.0% in all generations. For the surfactant-free computations, we have utilized a grid containing about 32 grids in the radial direction. Figure 13 demonstrates the film thickness in generation 9 for the surfactant-laden case computed using these four different grids. As can be seen in the inset of Fig. 13 , the numerical method is formally first order in space in spite of the fact that central differences are used to approximate the spatial derivatives. This reduced order of accuracy is mainly attributed to the smoothing of the quantities near the interface. It is found that the grid with 32 grid cells in the radial direction is sufficient to resolve the film thickness within a relative error margin of 4%. Thus the computations are performed using this grid for all the surfactant-laden cases presented in the paper.
